Structural and magnetic properties of the new cobaltate series (BaSr) 4 _ ;r La2 X Co40i5 
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We report the structural and magnetic properties of a new class of cobaltates with the chemical 
formula (BaSr)4_ I La2iCo40i5 (x — 0, 0.5 and 1). These compounds crystallize in a hexagonal 
structure in which cobalt ions are distributed among two distinct crystallographic sites with different 
oxygen coordination. Three Co-O tetrahedra and one octahedron are linked by shared oxygen 
atoms to form C04O15 clusters, which are packed together into a honeycomb-like network. Partial 
substitution of Sr and/or Ba atoms by La allows one to adjust the degree of Co valence mixing, 
but all compositions remain subject to a random distribution of charge. Magnetic susceptibility 
together with neutron scattering measurements reveal that all studied specimens are characterized by 
competing ferro- and antiferro-magnetic exchange interactions that give rise to a three dimensional 
Heisenberg spin-glass state. Neutron spectroscopy shows a clear trend of slowing down of spin- 
dynamics upon increasing La concentration, suggesting a reduction in charge randomness in the 
doped samples. 

PACS numbers: 75.50.Lk, 71.27.+a, 75.25.-j, 61.05.F- 



I. INTRODUCTION 



Cobalt-based oxide compounds continue to attract a 
great deal of interest due to the richness of the mag- 
netic and electronic properties given by strong correla- 
tion between spin, charge, and orbital degrees of free- 
dom. A signature characteristic of cobalt oxides that 
distinguishes them from the other transition metal ox- 
ides is that Co ions are all susceptible to having mul- 
tiple valence and/or spin states J>~— The different elec- 
tronic configurations can appear as a result of the in- 
terplay between the crystal field, caused by the local 
atomic environment, and the interatomic exchange in- 
teraction. Perhaps the most extensively studied cobal- 
tates in which the polyvalency and multi-spin states come 
to play to produce complex phase diagrams have been 
La2- :E Sr :E Co04,i~— and Lai-^Sr^CoOa^— . These com- 
pounds possess perovskite-based structures with cobalt 
ions residing in an octahedral environment. In recent 
years, research has been expanded to include cobaltates 
containing Co 4+ or Co 3+ in tetrahedral sites, such as the 
Ba2Co04r*i£, the oxocobaltates NaeCo206, Na5Co04?ii 
and the geometrically frustrated systems L?iBaCo407 
(where Ln= lanthanides) As a result, new and inter- 
esting physics has continued to emerge as each of these 
systems display various exotic magnetic phases. Com- 
pounds that exhibit Co 3+ in both octahedral and tetra- 
hedral lattice sites are less often found, and typically rely 
on an accurate control of the oxygen content (e.g. the 
oxygen- deficient perovskites Sr 3 YCo40io+ ( ? i ^ r — )■ 

In this article, we consider yet another class of cobal- 
tates, with the chemical formula (BaSr)4_ :E La2 X Co40i5 



(x = 0, 0.5 and 1), that combines the tetrahedral frame- 
work of Ba2Co04 with the octahedral coordination geom- 
etry of Sr 2 Co04^i2i with a K 2 NiF 4 -type structure. The 
interest in such an "hybrid" phase has originally been mo- 
tivated by the contrast in the physical properties of the 
two materials, where Ba2Co04 is an antiferromagnetic - 
insulator^ while Sr2Co04 is a ferromagnetic - metal. 20 
As will be discussed in the article, this new series crys- 
tallizes in an hexagonal structure in which four Co-0 
polyhedra (three tetrahedra and one octahedron) share 
their corners to form C04O15 tetrahedral clusters. Sev- 
eral materials with similar structural motifs and chemi- 
cal formulas Bagir^A^Ois have been first reported over 
two decades ago by Miiller-Buschbaum et Some of 

the iron-based congeners have recently been revisited by 
Abe et alM- with a renewed focus on their physical prop- 
erties. In those compounds, Fe 3+ ions (3d 5 , S = 5/2) 
arranged in Fe40is clusters display a behavior indica- 
tive of magnetic tetramers with a ferrimagnetic ground 
state of the total spin St = 5.— In our newly synthesized 
compound, (BaSr)4Co40i5, the Co ions are expected to 
exhibit a mixed valence of average value 3.5+, consisting 
of trivalent (3<i 6 ) and tetravalent (3d 5 ) states. Given the 
Co cations distribution on the two non-equivalent sites 
with the multiplicity ratio 3:1, it appeared as a natural 
choice to attempt to tune the system properties and in- 
duce a charge ordering by a controlled substitution of 
Sr 2+ /Ba 2+ with La 3+ . On this basis, one would ex- 
pect that the charge distribution in (BaSr)3.sLaCo40i5 
(where average valence of the Co becomes 3.25+) will fa- 
vor a 3d 5 (Co 4+ ) state at the octahedral site and 3d 6 
(Co 3+ ) at the tetrahedral site. Furthermore, for the 
case of (BaSr)3La2Co40i5, all Co ions are anticipated 



2 




FIG. 1: (Color online) (a) Perspective view of the crystal 
structure of the (BaSr)4Co40is compound. (b) Honeycomb- 
like layers of Co atoms projected along the crystallographic c 
direction. 

to be trivalent (Co 3+ 3d 6 ). Our study reveals that all 
compositions are characterized by competing ferro- and 
antiferro-magnetic exchange interactions that adds to the 
geometrical frustration inherent in the Co sublattice to 
provide essential ingredients for spin-glass behavior. In- 
stead of charge ordering, we find evidence for disordered 
charge distribution and an admixture of ligand-hole con- 
figurations. Elastic and inelastic neutron scattering mea- 
surements reveal that a spin-glass phase transition takes 
place at approximately 13 K, and evidence a systematic 
slowing down of spin dynamics upon increasing the La 
concentration. 



re-ground and repeated with the above process. Single 
crystal specimens of (BaSr)4Co40i5 were grown by the 
floating-zone technique using a Cannon MDH20020 im- 
age furnace. For all synthesized samples (x = 0, 0.5, and 
1) the nominal ratio Sr:Ba was set to be 1:1. Characteri- 
zations conducted by powder X-ray diffraction indicated 
that the x = and 0.5 samples were free of impurities, 
and the x = 1 sample contained a small amount of the 
layered perovskite phase (Sr,Ba,La)2Co04. Attempts of 
synthesizing samples with larger La content, x > 1, were 
unsuccessful, leading to increased amounts of impurities. 

The powder X-ray diffraction patterns were obtained 
using a Rigaku MiniFlex II powder diffractometer 
equipped with a Cu target and a Ni-filtcr for removal 
of Cu-K^ radiation. Single-crystal x-ray diffraction mea- 
surements on the x = sample were carried out using a 
Bruker SMART APEX CCD diffractometer with fine fo- 
cus Mo K a radiation (A=0.7107 A). Determination of in- 
tegrated intensities and a global cell refinement were per- 
formed with the Bruker SAINT software package using 
a narrow-frame integration algorithm. A total number 
of 5319 reflections was used for the structural analysis. 
The crystal structure refinement was carried out using 
SHELXTL software^ 

Neutron powder diffraction measurements were per- 
formed at the HB2A high-resolution powder diffractome- 
ter, at the High Flux Isotope Reactor (HFIR), using the 
wavelengths A = 1.539 A and A = 2.41 A. This instrument 
is equipped with 44 3 He detector tubes that were scanned 
to cover the total 26 range of 4°-150°, in steps of 0.05°. 
More details about the HB2A instrument and data col- 
lection strategies can be found in Ref. H3- Measurements 
were made on approximately 7 grams of sample held in a 
vanadium holder with 0.8 cm diameter. Rietveld refine- 
ments were performed using the FULLPROF program^ 

The magnetization M(H,T) measurements were carried 
out using a commercial (Quantum Design) superconduct- 
ing quantum interference device (SQUID) magnetometer. 
Zero field cooling (ZFC) and field cooling (FC) magneti- 
zation measurements were performed in a magnetic field 
of 0.1 Tesla in the temperature range 1.8 K < T < 350 K. 



II. EXPERIMENTAL DETAILS 

Polycrystalline samples of (BaSr)4_ a; La22;Co40i5 (0 < 
x < 1) used in this study were prepared by solid-state 
reaction. Stoichiometric mixture of BaC0 3 (Alfa Aesar 
99.99%), SrC0 3 (Alfa Aesar 99.994%), Co 3 4 (Alfa Ae- 
sar 99.99%) and La 2 3 (Alfa Aesar 99.999%) were heated 
up to 1100°C for 24 hours under ambient pressure. After 
quenching down to room temperature, the powder was 



Inelastic neutron scattering experiments reported here 
were undertaken on approximately 15 g of powder sam- 
ples, sealed in aluminium holders. The inelastic neu- 
tron spectra were collected using the time-of-flight spec- 
trometer BASIS at the SNSi2& This spectrometer uses 
backscattering neutron reflections from Si(lll) analyzer 
crystals to select the final energy of the neutron of 2.08 
meV, and allows achieving an energy resolution at the 
elastic position of about 3.5 fj,eV. More details about the 
BASIS spectrometer are given in Ref. [28|. 
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TABLE I: Refined structural parameters of (BaSr)4Co40is from single-crystal x-ray data collected at 173 K. 



Atom (Wyck.) 


X 


V 


z 


Ull 


U22 


U33 


U23 


U13 


U12 


Occ.(%) 


Srl/Bal (2a) 








0.0101(1) 


0.0139(3) 


0.0139(3) 


0.0131(3) 


0.0000 


0.0000 


0.0069(1) 


0.91/0.09(1) 


Sr2/Ba2 (2b) 


1/3 


2/3 


0.4993(1) 


0.0178(1) 


0.0178(1) 


0.0124(2) 


0.0000 


0.0000 


0.0089(1) 


0.02/0.98(1) 


Sr3/Ba3 (6c) 


0.4773(1) 


0.5226(1) 


0.8376(1) 


0.0095(1) 


0.0095(1) 


0.0129(2) 


-0.000(1) 


0.000(1) 


0.0054(1) 


1.00/0.00(1) 


Sr4/Ba4 (6c) 


0.1734(1) 


0.8265(1) 


0.1800(5) 


0.0133(1) 


0.0133(1) 


0.0188(1) 


-0.0003(1) 


0.0003(1) 


0.0068(1) 


0.02/0.98(1) 


Col (26) 


1/3 


2/3 


0.0268(2) 


0.0090(3) 


0.0090(3) 


0.0137(7) 


0.00000 


0.00000 


0.0045(1) 


1.00 


Co2 (6c) 


0.1761(1) 


0.8238(1) 


0.6782(1) 


0.0098(2) 


0.0098(2) 


0.0127(3) 


0.0001(1) 


-0.0001(1) 


0.0042(2) 


1.00 


01 (12d) 


0.6783(2) 


0.0660(2) 


0.0391(4) 


0.009(1) 


0.016(1) 


0.014(1) 


-0.005(1) 


-0.004(1) 


0.003(1) 


1.00 


02 (6c) 


0.2499(1) 


0.7500(1) 


0.8518(6) 


0.012(1) 


0.012(1) 


0.012(1) 


0.0026(7) 


-0.0026(7) 


0.004(1) 


1.00 


03 (6c) 


0.4102(1) 


0.5897(1) 


0.1745(7) 


0.014(1) 


0.014(1) 


0.016(1) 


0.0005(7) 


-0.0005(7) 


0.010(1) 


1.00 


04 (6c) 


0.9070(1) 


0.0929(1) 


0.2737(4) 


0.018(1) 


0.018(1) 


0.022(2) 


-0.0025(7) 


0.0025(7) 


0.012(1) 


1.00 



P6 3 mc, a = b= 11.6450 A, c = 6.8600 A, V ceH = 805.63 A 3 ; Ri = 0.0315, wR 2 = 0.0746, GooF = 1.150 



TABLE II: Selected bond distances d(A), and estimated Co 
valences using BVS in (BaSr)4_ :E La2;cCo40i5, at the room 
temperature 









x = 


x = 0.5 


x = 1 


Col 




- 03 (x 3) 


1.85(1) 


1.87(1) 


1.89(1) 






- 02 (x 3) 


2.08(1) 


2.05(1) 


2.06(1) 


Co2 




- 01 (x 2) 


1.79(1) 


1.81(1) 


1.84(1) 






- 02 (x 1) 


1.91(1) 


1.95(1) 


1.95(1) 






- 04 (x 1) 


1.83(1) 


1.77(1) 


1.74(1) 


d(Gol 


- Co2) 


(Ji, via 02) 


3.99(1) 


4.00(1) 


4.00(2) 


Col - 


02 - Co2 


177.1° 


178.2° 


178.8° 


d(Co2 


- Co2) 


(J 2 , via Ol, 04) 


4.97(1) 


4.91(1) 


4.92(1) 


d(Co2 


- Co2) 


(J 3 , via Ol) 


5.48(1) 


5.57(1) 


5.57(1) 


BVS 




Col 


2.92 


2.87 


2.75 


BVS 




Co2 


2.65 


2.65 


2.60 



III. RESULTS AND DISCUSSION 
A. Crystal structure refinement 

The x-ray investigation of the (BaSr) 4 Co40i5 single 
crystal revealed that this compound has an hexagonal 
structure described by the non-centrosymmetric space 
group PQ^mc. The four Co ions of the unit cell occupy 
two inequivalent crystallographic sites: 26 (1/3, 2/3, z) 
and 6c [x, —x, z). The Col ions positioned at the 26 site 
are coordinated octahedrally by six oxygen atoms (3x 
03, 3x 02), while the Co2 ions filling the 6c site are co- 
ordinated tetrahedrally by four oxygens (2x Ol, 02 and 
04). The polyhedra are sharing their corners to form 
C04O15 clusters with a tetrahedral packing, as displayed 
in Fig. [TJa). The shortest Co bonds inside the tetrahe- 



dron are 3.99(1) A linking the Col and Co2, while the 
angle Col-02-Co2 is 176.8(1)°. The other edges of the 
tetrahedron, defined by Co2 atoms, measure 5.48(1) A. 
The Co2 atoms located in the vertices of different tetra- 
hedral clusters are linked through double oxygen bridges 
with a Co2 - Co2 distance of 4.938(1) A. Altogether, 
the Co atoms form interconnected honeycomb- like lay- 
ers that are stacked along the c-axis direction. A pro- 
jection of the structure along the c-axis is shown in 
Fig. [Hb). The most relevant magnetic interaction paths 
are depicted by arrows and labeled as Jl, J2 and J3 in 
Fig. Qlb) . Jl refers to the exchange interaction between 
Col and Co2 mediated by 02 (intra-cluster interaction), 
and J2 stands for the coupling between Co2 atoms of 
adjacent clusters (inter-cluster interaction), defining the 
honeycomb matrix. The third interaction integral J3, 
between Co2 atoms belonging to the same cluster, is ex- 
pected to be much smaller because of much larger inter- 
atomic distance. 

The results of our structural analysis indicate that Sr 
and Ba atoms are distributed over four different sites 
in an almost ordered manner. The Sr occupies the 
special site 2a (0,0, z)(Srl) and 6c (Sr3), whereas the 
Ba resides at the 2b (1/3,2/3, z) site (Ba2) and at the 
non-equivalent 6c (Ba4). Structural parameters of the 
(BaSr) 4 Co 4 Oi5 compound and the most important bond 
distances are shown in Table Q] and Ull 

Rietveld refinements of all (BaSr) 4 _ a Xa2 a ;Co40i5 pow- 
der samples were carried out using combined powder X- 
ray and neutron diffraction data sets, in order to extend 
the number of observations. In addition, neutron diffrac- 
tion provides an excellent complement to the X-ray due 
to their greater sensitivity in detecting the oxygen posi- 
tions. The structural model described previously, based 
on space group P63TOC, gave a good fit to all experimental 
data. As mentioned above, the higher doping sample was 
found to contain an impurity phase, (Sr,Ba,La)2Co0 4 , 
which was included in the refinement. The observed, cal- 
culated and difference profiles along with the positions of 
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FIG. 2: (Color online) X-ray and neutron powder diffraction patterns and Rietveld fits of (BaSr)4-iLa2xCo40is (x = 0, 0.5 
and 1) at 300 K. The displayed data was collected using a Cu K a x-ray source (a)(c)(e) and, respectively, using a neutron beam 
with the wavelength of 1.539 A (b)(d)(f). The difference between observed and calculated profiles is shown at the bottom of 
each panel. 



all contributing hkl reflections are displayed in Figure [5] 

Refinements of the oxygen occupancies of the four in- 
equivalent oxygen sites suggest a stoichiometry that is 
very close to the nominal value O15. In the doped sam- 
ples, the lanthanum atoms were tentatively placed to sub- 
stitute at any of the Ba/Sr sites and their occupancies 
were collectively refined. We found, however, that La 3+ 
prefers to occupy the Sr3/Ba3 (6c) site, which is fully 
consistent with the structural model proposed for the Fe- 



analogs B&eL^FeiOis^ The refined La stoichiometry is 
1.4±0.2 for the nominal x = 0.5 sample, and 2.2±0.2 for 
the x = 1 sampled On the other hand, the analysis in- 
dicates that upon La doping (x = 1), both the a- and c- 
axes contract by approximately 0.15 and 0.4%, respec- 
tively. In terms of interatomic distances this translates 
to an elongation of the Co2-01 bond whereas the Co2- 
04 bond contracts by approximately the same amount. 
Overall, this produces a distortion of the tetrahedral en- 



5 



vironment of the Co2, that leads to a shortening of the 
distance between Co2 atoms from adjacent cluster units 
(see J 2 in Fig.QJb)). The 02 atom shifts slightly towards 
the Col without affecting the intra-cluster distance Col- 
Co2. 

Bond-valence sum (BVS) calculations were performed 
according to Brown and Altermattj^ using the program 
VaList. 31 The resulting valence values for the two cobalt 
sites are significantly lower than those expected based on 
stoichiometry. For the octahedrally coordinated Col site 
the calculated value is close to 3+ (2.92+) for the un- 
doped sample [x = 0), and it progressively decreases to 
2.75+ for the x = 1 doping. In contrast, the calculated 
charge at the tetrahedral Co2 site is 2.6+, and it does 
not seem to change much with the La doping. Overall, 
our calculation suggests the possibility of a partial charge 
transfer from cobalt to the neighboring oxygens. As a re- 
sult of hybridization between Co e g and O 2p states, the 
new electronic ground state can be expressed by a linear 
combination of d n , d n+1 L and d n+2 L 2 states, where "L" 
stands for a hole at the O 2p level. The values of n are 
6 and 5 for the Co 3+ and Co 4+ , respectively. Similar 
behavior has been reported for other cobaltates, such as 
LiCo0 2 , 3? SrCo0 3J ^ CaBaCo 4 7 ^. Certainly, a study 
by x-ray absorption spectroscopy would be desirable to 
confirm this hypothesis. For our material, seeing the sig- 
nificantly larger distance between both non-equivalent Co 
sites and 02 site (see Table HI)) . one may infer that the 
hole (L) appears prominently on the 02 atom shared by 
the two cobalt atoms. 



B. Macroscopic magnetic measurements 

The temperature dependence of low field 
(H=0.1 Tesla) static susceptibility (x = M/H) of 
(BaSr)4_ 2; La22;Co40i5 polycrystalline samples, mea- 
sured under zero-field cooled (ZFC) and field cooled 
(FC) conditions, are presented in Fig. [3] For all three 
specimens (x = 0, 0.5, 1) the susceptibility shows a kink 
at approximately 10 K, and obeys a Curie- Weiss law 
x(T) = C/(T - O) at higher temperatures (see solid lines 
in the insets of Fig. [3]). As is readily visible in Fig. [31 
the ZFC and FC curves exhibit a clear irreversibility 
suggesting that a spin-glass phase transition takes place. 
The bifurcation between the curves becomes more pro- 
nounced with increasing La concentration. Furthermore, 
the splitting point shifts towards higher temperatures 
indicating that short-range correlations start to develop 
well above the glassy ordering temperature T s . 

The temperature dependence of the inverse susceptibil- 
ity (1/x), shown in the insert of Fig. [3J was fit over the 
temperature range 130 - 350 K with a Curie Weiss for- 
mula. The magnetic parameters estimated from \ versus 
T plots are summarized in Table [TTT1 Interestingly, the re- 
sulting Curie- Weiss temperatures indicate a progressive 
crossover from dominant antiferromagnetic interactions 
(O w —20.9 K) in x = to ferromagnetic interactions 
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FIG. 3: (Color online) ZFC and FC susceptibility data for 
three different doping levels. Insert: Temperature dependence 
of the inverse susceptibility (1/x) described by a Curie- Weiss 
law above approximately 130 K. 



(O ps 21.3 K) in x = 1. For intermediate doping level, 
x = 0.5, the couplings are found to be predominantly 
ferromagnetic with the Weiss temperature 5.46 K. It is 
also noteworthy that the Curie- Weiss temperatures are 
roughly the same as the freezing temperature T 9 , sug- 
gesting that the magnetic frustration is not significantly 
strong in spite of the geometrically frustrated tetrahedral 
configuration of the nearest neighbor ions. One can then 
deduce that the spin-freezing phenomena in these mate- 
rials are mostly due to the spin disorder and to the simul- 
taneous presence of ferro- and antiferromagnetic coupling 
between the magnetic sites. 

The effective magnetic moment (p e ff) of Co is found 
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TABLE III: Magnetic ordering temperatures, Curie-Weiss 
temperatures, and the effective magnetic moments deter- 
mined from susceptibility measurements. 



Sample 


T 9 (K) 


Qcw (K) 


Meff (a*s) 


(BaSr) 4 Co 4 Oi5 


10(1) 


-20.9(2) 


4.8(1) 


(BaSr) 3 .5LaCo 4 Oi5 


10(1) 


5.2(9) 


4.5(1) 


(BaSr) 3 La 2 Co40i5 


10(1) 


21.3(15) 


3.9(1) 


to decrease as La 


concentration 


increases. 


It reaches 



~4.7 /is for x = 0, and decreases to ~3.9 /ib for x — 
1. In a tetrahedral environment, Co 4+ (3d 5 ) and Co 3+ 
(3d 6 ) ions are generally expected to exhibit the high spin 
states S = 5/2 and S = 2, respectively. This is because 
the tetrahedral sites have, compared to the octahedral 
sites, an inverted and smaller crystal-field splitting (i.e. 
the two e g orbitals are lower in energy than the three 
tig orbitals). In contrast, in octahedral fields, both Co 4+ 
and Co 3+ can exhibit either high spin, intermediate (S 
= 3/2, Co 4 + and S = 1, Co 3+ ) or low spin (S = 1/2, 
Co 4+ and S = 0, Co 3+ )MM. From the estimated mag- 
nitude of the effective moment, one can depict a sce- 
nario where the tetrahedral sites may be primarily oc- 
cupied by a high-spin Co 3+ ions and the octahedral site 
by intermediate-spin of Co 4+ and/or Co 3+ ions. Potze 
et alM* have demonstrated using atomic multiplet calcu- 
lations that the intermediate-spin state can become the 
ground state due to the relative stability of a ligand-holc 
configurations, such as d 6 L, for Co 4+ , and e? 7 L, for Co 3+ . 
There is also always the possibility of hybridization be- 
tween various spin states, and the admixture will depend 
on La doping. 

The charge-transfer model can also be employed to ex- 
plain the presence of ferromagnetic interactions in the 
system, with itinerant oxygen holes coupling antiferro- 
magnetically to the d electrons of e g symmetry of the 
adjacent Co ionsi^i On the other hand the superexchange 
mechanism via oxygen, without a hole, could lead to an 
antiferromagnetic coupling between the nearest neighbor 
cobalt sites. The coexistence of the two mechanisms re- 
sulted from the charge disorder can account for the spin- 
glass behavior. 



C. Elastic and inelastic neutron scattering 

Neutron powder diffraction measurements have been 
carried out above and below the transition temperature, 
T g , to monitor the changes in the scattering patterns. 
The data, shown in Fig. 01 provide no evidence for struc- 
tural changes or magnetic long-range ordering. The dif- 
ference scattering, resulted from subtracting the 30 K 
data from the 4.2 K data reveals a distinct broad feature 
around the (100) peak position. The negative differen- 
tial signal at Q <0.4 A -1 is caused by the paramagnetic 




Q (= An sine/X) (A 1 ) 



FIG. 4: (Color online) Neutron powder diffraction data col- 
lected on (BaSr)4_ I La2 a: Co40i5 where x = (a) and 1 (b) at 
30 K and 4 K, using 2.4lA wavelength. The 30 K data has 
been vertically offset for clarity. Lower panels in (a) and (b) 
show the difference scattering obtained by subtracting the 30 
K from data from 4 K data. 

scattering that exists above the ordering temperature. At 
higher Q (>1.4 A -1 ), the differential scattering is domi- 
nantly produced by the small shift of peak positions due 
to the lattice compression. This observation is consis- 
tent with the spin-glass-like behavior, suggested on the 
basis of the magnetic susceptibility. It is also worth not- 
ing that although the two specimens (x — and x = 1) 
exhibit different dominant magnetic interactions in the 
paramagnetic state, the Q dependence of the magnetic 
diffuse scattering from their spin-glass ground state looks 
remarkably similar. 

To get deeper insight into spin dynamics and relax- 
ation phenomena across the glassy transition region, 
we performed high-resolution inelastic neutron scatter- 
ing (INS) measurements using the backscattering spec- 
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trometer BASIS at SNS. Figure [5] shows intensities (in- 
tegrated over the range Q « 0.25 to 2 A -1 ) versus neu- 
tron energy transfer, at various temperatures. The se- 
lected Q range is compatible with the relaxed Q resolu- 
tion of the spectrometer and it provides suitable data 
for increasing the statistics of the scattering signal.— 
The quasi-elastic peak at T = 1.6 K has a full width 
at half maximum (FWHM) of 3.3(2) /ieV, consistent 
with the instrumental energy resolution. There is a clear 
narrowing of the line shape as the sample temperature 
is lowered below the transition point, which is a sig- 
nature of a dynamical magnetic transition to a glass- 
like state. The low-frequency inelastic intensity weak- 
ens upon cooling, and at the same time, the elastic in- 
tensity increases indicating the freezing of spin corre- 
lations over finite length scale. To evaluate quantita- 
tively the temperature dependence of the spin relaxation 
rate, the quasielastic scattering was modeled using the 
Fourier transform of a stretched exponential relaxation 
function of the form: S(Q,t) — exp[— {t/r)]°, where /3 
represents the stretching exponent (0 < j3 < 1), and 
t the relaxation time. The stretched exponential func- 
tion has traditionally been used to model relaxation in 
spin glasses or structural glasses, and a generalization has 
been discussed recently 35 ' 36 In the modeling procedure, 
the Fourier Transform (time to energy) of the stretched 
exponential relaxation function was computed with suf- 
ficient precision using a numerical procedure adapted to 
the particular shape of the function. 37 The f3 parameter 
was set to 0.25 and held fixed throughout, because, as it 
is a phenomenological parameter, a possible temperature 
dependence will add too much uncertainty to the fitting 
to give dependable results for the relaxation time. The 
Fourier Transform was numerically convoluted with the 
dataset collected at 1.6 K which was used as the elastic 
reference scattering. The mean spin relaxation time de- 
termined at three different temperatures is displayed in 
the inset of Figure For the x = 1 sample, INS data 
was collected with sufficient statistics at only one temper- 
ature, 6.8 K, and therefore only one point is shown. The 
spin relaxation time exhibits a smooth trend gradually 
increasing with decreasing the temperature by approxi- 
mately a factor of 12. Modeling of the data for all three 
samples reveals a clear tendency towards slower dynam- 
ics when La doping increases. For instance, the r for the 
x = sample at 6.8 K was estimated to be 4 ps, while for 
the x = 1 sample is 187 ps. This is an intrinsic feature, 
since the freezing temperature has been determined to 
be about the same in all samples, and is likely an effect 
of the reduction in charge randomness in the doped sam- 
ples that leads to stronger correlations between magnetic 
spins. 

Figure [S] displays the temperature dependence of the 
elastic scattering, considered as the momentum transfer 
averaged (0.25 < Q < 2A -1 ) integrated intensity over an 
energy transfer range -5/zeV< Tko <5/ieV. The scatter- 
ing amplitude of all three samples follow similar trends 
and the glassy transition seems to appear at approxi- 
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FIG. 5: (Color online) High-resolution inelastic neutron scat- 
tering data of (BaSr)4Co40i5, collected at various tempera- 
tures across the spin-glass transition. The solid line is a fit to 
the data, as described in the text. Inset: Variation of relax- 
ation time with temperature in the undoped and La doped 
samples. The solid line is drawn as a guide to the eye. 
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FIG. 6: Temperature dependence of the elastic scattering, 
from all three samples, integrated over the Q range 0.25- 
2 A" 1 . The solid line represents a power-law fit to the data. 



mately same temperature, in agreement with the sus- 
ceptibility measurements. To assess the character of the 
magnetic transition, we determined the critical exponent 
/3 associated with the magnetic order parameter defined 
as I oc (T g — 7 1 ) 2 ' 9 . Least-square fits to the data near 
the transition yielded an exponent j3 ~ 0.36(1) for the 
undoped system. The estimated values of the critical ex- 
ponent /? are very close to those of the 3D Heisenberg uni- 
versality class, and are consistent with three-dimensional 
topology of the magnetic interactions within the lattice. 
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IV. SUMMARY 

To summarize, we have studied the structure and 
magnetic properties of a new class of cobaltates 
(BaSr)4_ 2 .La2 a ;Co40i5, that contains cobalt ions in both 
tetrahedral and octahedral coordination environments. 
The existence of two distinct crystallographic sites with 
a significantly different coordination by oxygen anions, 
leads to the possibility of coexistence of multiple va- 
lence states and spin configurations. Within the crystal 
structure, three Co-0 tetrahedra and one octahedron are 
linked together by shared oxygens to form C04O15 tetra- 
hedra clusters. The magnetic exchange interaction pat- 
tern can be defined in terms of two main exchange paths 
(one intra-clustcr (Jl) and one inter-cluster (J2)) and 
establishes an interconnected honeycomb-like network. 
Spin-glass behavior is evidenced in all studied samples 
by the irreversibility between FC and ZFC magnetiza- 
tion and the absence of magnetic reflections in the neu- 
tron diffraction pattern at low temperatures. Detailed 
structural analysis followed by bond-valence-sum calcu- 
lations, as well as the magnetic parameters suggested 
the possibility of a partial charge transfer from cobalt to 
the neighboring oxygens and the presence of ligand-holc 
states that stabilize an intermediate-spin-state configu- 
ration at the octahedral site. The Curie- Weiss behav- 
ior at high temperatures, above the spin-freezing transi- 
tion, reveals a progressive crossover from dominant an- 
tiferromagnetic interactions in the undoped sample (x 



= 0) to ferromagnetic interactions in the doped sam- 
ples (x = 0.5, f). However, all samples are subject to 
a random charge distribution which produces competi- 
tion between ferro- and antiferro-magnetic correlations, 
and consequently, spin-glass behavior. Our neutron in- 
elastic scattering study indicated that the transition into 
the spin-glass state belongs to the universality class of 
the 3D classical Heisenberg model. In addition, our data 
showed a clear trend of slowing down of spin-dynamics 
upon increasing La concentration, pointing to a reduction 
in charge randomness in the doped samples. 

An interesting future direction of this project would in- 
volve partial substitution of cobalt by other metal tran- 
sition ions that would adjust the degree of Co valence 
mixing and finely tune the magnetic interactions to cre- 
ate other magnetically ordered states. 
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